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A B S T R A C T

Organochlorine pesticides have been extensively used for many years to prevent insect diseases of rice (Oryza
sativa L.), but little is known about their residual impacts on the underground micro-ecology in anaerobic en-
vironment. In this glasshouse study, we characterized the lindane effects on the assembly of root-associated
microbiomes of commonly used indica, japonica and hybrid rice cultivars, and their feedback in turn, in
modifying lindane anaerobic dissipation during 60 days' rice production. The results showed that rice growth
inhibited the anaerobic dissipation of lindane, but was not affected apparently by lindane at initial spiked
concentration of 4.62 and 18.54mg kg−1 soil. Suppressed removal of lindane in rice planted treatments as
compared with that in unplanted control was likely due to inhibited reductive dechlorination induced by a
comprehensive effect of radial O2 secretion of rice root and co-occurring Fe(III) reduction that consumed
electron competitively in rice rhizosphere. However, the hybrid cultivar exhibited a less suppression than the
conventional cultivars in high polluted soils. Bacteria was more sensitively responded to lindane pollution than
fungal taxa, and Actinobacteria, Chloroflexi, Verrucomicrobia and Proteobacteria were the main different phyla
between hybrid and conventional cultivars, with a more stable community structure exhibited in the hybrid rice
under lindane stress. Our study highlights the assembly and variation of root-associated microbiomes in re-
sponses of lindane pollution, and suggests that hybrid rice cultivar might be most competent for cultivation in
paddy fields polluted by lindane and other organochlorine pesticides, especially in the area with high residual
levels.

1. Introduction

Organochlorine pesticides (OCPs) were extensively used in the last
century during agricultural production all over the world. Due to the
stable aromatic ring structure and high chlorine content, they were
extremely persistent to degrade, and still frequently detectable in most
of farmland soils in China although they have already been banned
from application up to almost 30 years (Rani et al., 2017; Salam et al.,
2017; Xu et al., 2018; Zhu et al., 2018). For instance, as one of the
oldest synthetic broad spectrum OCPs with insecticidal activity, lindane
(γ-hexachlorocyclohexane, γ-HCH) was detected even up to>20
mg kg−1 in soils, because of its low aqueous solubility and soil-sorption
coefficient (Koc=1100 cm3 g−1) (Phillips et al., 2005; Feng et al.,
2011). Therefore, it was widely acknowledged as a recalcitrant

environmental issue, and crops were very likely grown under stress of
OCPs.

Reductive dechlorination is the most important degradation pro-
cesses for OCPs removal under waterlogged anaerobic soil environ-
ments (Xu et al., 2018). Such degradation process is an anaerobic mi-
crobe-mediated electron accepting process and driven by electrons flow
from electron donors (such as carbon substrates, reducing minerals and
hydrogen), during which OCPs act as an electron acceptor (Xu et al.,
2015; Xue et al., 2017; Zhu et al., 2018). Previous studies have verified
the reductive dechlorination usually coupled with natural soil redox
processes, and other co-occurring electron acceptors in soil, such as Fe
(III), may complete with OCPs for electrons to reduce under an electron
limited condition, thereby suppressing the dechlorinated dissipation of
OCPs (Xu et al., 2015; Lin et al., 2018).
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Rice (Oryza sativa L.) is one of the most important crops, feeding
over half of the world's population (Zhang et al., 2019). The main
cultivated rice, including indica, japonica and hybrid cultivars, are
widely reported differently at root morphology, secretion release, radial
oxygen loss (ROL) and genomic component (Wang et al., 2011; Bailey-
Serres and Brinton, 2012; Zhao et al., 2018; Zhang et al., 2019), causing
differential effects on rice yield, nutrient utilization and adversity stress
resistance. As a hygrophyte, soluble organic carbon acids and O2 se-
creted by rice roots might alter the redox and electron supply status of
anaerobic environment, further influence the electron flow in soil
complex reductive processes. To date, however, the underground
micro-ecological responses to stress of OCPs during rice cultivation
(especially cultivation of difference rice cultivars), and their feedback
in modifying the anaerobic dissipation of OCPs during rice production,
are not yet disclosed by on-going researches. This warrants relevant
follow-up study.

In natural, plants could alter the root-associated environments
through their impact on soil chemical properties and indigenous mi-
croorganisms resulted from the shaping role of root exudates (Mitter
et al., 2017; Santos-Medellín et al., 2017). Recent studies have provided
new insights into the assembly and variation of plant microbiomes by
distinguishing different rhizo-compartments (bulk soils, rhizosphere,
rhizoplane and endosphere) and suggested a selective effect of host
plants on the establishment of root-associated communities (Edwards
et al., 2015; Santos-Medellín et al., 2017). Microbes, including bacteria
and fungi, inhabit the rhizosphere as a result of their functional traits,
which might be directly or synergistically beneficial to plant nutrient
acquisition and stresses resistance (Lu et al., 2018).

In this study, we used high-throughput sequencing of partial 16S
rRNA gene and internal transcribed spacer region (ITS) amplicons to
reveal the underground micro-ecological responses to lindane pollution
during rice cultivation, with the special aims to disclose rice cultivar-
dependent assembly of root-associated microbiomes and O2 secretion of
rice under lindane stress, and thereby their feedback in modifying lin-
dane anaerobic dissipation during rice production. It was hypothesized
that 1) contrasting rice cultivars (including hybrid, japonica and indica)
may differ in root secretion and radial O2 loss, resulting in cultivar-
dependent modification for flooded soil environment; and 2) reductive
dechlorination is the main pathway for removal of soil residual lindane
during rice production, and this process might be inhibited by natural
soil redox processes that can consume electron competitively.

2. Material and methods

2.1. Soil

Soil samples were collected from the rice field in Jiaxing, Zhejiang
province of China (30° 50′8.74″ N, 120° 43′3.68″ E). The farmland is a
representative area for rice cultivation in Yangtze River delta of China
and harvest twice per year. Surface soil was collected using shovels to
gather down to a depth of approximately 20 cm by the “S” sampling
strategy in a 20m×20m field. All soils were transported back to the
greenhouse, spread evenly, air-dried in a ventilated square, passed
through a 2-mm sieve and thoroughly mixed prior to the batch ex-
periments. The basic physicochemical properties of the soil were as
follows: pH (soil:water= 1:2.5) 6.76; organic matter, 54.4 g kg−1; clay,
36.3%, and silt, 45.3%. Two pollution levels of lindane with low and
high doses (5 and 20mg kg−1, respectively) were designed as our
previous studies (He et al., 2005, 2015). The initial spiked concentra-
tions were detected as 4.6 and 18.5 mg kg−1, respectively.

2.2. Greenhouse experiment

The experiment was a completely factorial randomized block de-
sign, and consisted of four cultivation treatments and three pollution
levels in three replicates. The four cultivation treatments were 1) the

control without plants (Control), and three contrasting cultivars of rice
(Oryza sativa L.) (2) subsp. japonica “Xiushui 519” (XS), (3) subsp. in-
dica “Huanghuazhan” (HHZ), and (4) hybrid “Yongyou12” (YY). The
three lindane levels were “0”, “5” and “20” (mg kg−1). All the cultivars
have been widely grown in eastern China, with obvious differences in
plant physiological traits (He et al., 2015; Wei et al., 2017; Chu et al.,
2018).

Uniform seeds were surface-sterilized in 70% ethanol for 30 s and
10% NaClO for 10min, followed by washing with deionized water
twice. The seed were then germinated on wet gauzes in the dark at
25 °C under sterile conditions for 24 h. The germinated seeds were
transferred, and seedlings were cultivated in the Hoagland nutrient
solution for 2 weeks. Three uniform seedlings were then selected and
transplanted into pots (with 15 cm in height and 10 cm in diameter)
with 1.8 kg lindane spiked soils. After tillering stage, two stems were
removed, with only the most representative one left in each pot. The
plants were then grown for 60 days in a naturally-lit greenhouse with
average day/night temperatures of 28/20 °C, and day/night humidity
of 70%/85%. Each pot was watered every other day with around 200-
ml sterilized deionized water to control the flooded condition. After
60 days' growth, the plant tissues were collected and divided into two
parts: one was used for contaminant analysis, and the other for root-
associated compartments sampling.

2.3. Sampling of bulk soils, rhizosphere and endosphere

The method for sampling bulk soils, rhizosphere and endosphere
compartments followed the protocols described in Bulgarelli et al.
(2012) and Edwards et al. (2015) with some modifications. Briefly,
loosely bound soil was manually removed, leaving approximately 1mm
soil firmly attached to the roots. The roots were then placed in a sterile
50-ml falcon tube containing 30ml of sterile phosphate-buffered solu-
tion (PBS) (with pH around 7.4) and vortexed at 3000 rpm for 15 s, and
the turbid solution was filtered through a 100-μm aseptic nylon mesh
strainer into a new 50-ml tube to remove root fragments and large se-
diments, followed by centrifuging for 2min at 12,000× g. The super-
natant was discarded, and the soil washed from the roots was defined as
rhizosphere soil, frozen in liquid nitrogen, and stored at −80 °C. The
washed roots were transferred to a falcon tube with 30ml PBS and
sonicated for 30 s at 50–60 Hz with 3 cycles to strip the soil firmly ad-
hering to the root surface, and then transferred into a 50-ml tube with
30ml PBS and washed twice. Finally, the roots were stored as an en-
dosphere samples at −80 °C until DNA extraction.

Bulk soil samples were collected from unplanted pots, other than
from the pot with growing plants, as the impact distance of O2 secretion
of rice roots was usually beyond rhizosphere area what we commonly
defined. This sampling method could completely eliminate any possible
effects from rice roots. After collection, bulk soil samples were mix
thoroughly and stored at −80 °C.

2.4. Chemical analysis of soil and plants

Lindane (99% pure) was purchased from Sigma-Aldrich Co. (St.
Louis, USA). The extractants (> 99.9% purity, HPLC), including n-
hexane and acetone, were obtained from Tedia Co., Inc. (Fairfield, USA)
and ANPEL Laboratory Technologies Inc. (Shanghai, China). Other
analytical grade chemicals were obtained from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. Anhydrous sodium sulfate was
muffle furnace-dried at 750 °C for 4 h before use.

The concentrations of lindane in soil, roots and shoots were ex-
tracted by a method based on accelerated solvent extraction (ASE) with
Dionex ASE 350 (Sunnyvale, USA), and subsequent solid phase en-
riched, followed by GC–MS analysis according to Popp et al. (1997)
with some modification. Detailed procedures of extraction and detec-
tion can be found in the SI.

Soil pH was determined in a suspension of 1:2.5 soil/water ratio (w/
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v) with a pH meter (S975 SevenExcellence, MettlerToledo,
Switzerland). Concentrations of sulfate, dissolved organic carbon (DOC)
and dissolved total nitrogen (DTN) were extracted with Milli-Q water,
and the supernatant was measured using ion chromatography (Dionex
ICS-2000, United States), and automated total organic carbon analyzer
(Multi N/C 3100, Analytik Jena AG, Jena, Germany), respectively (Xu
et al., 2015; Dai et al., 2016). The concentration of Fe2+ was measured
using the 1,10-phenanthroline colorimetric method at 530 nm on a
UV–Vis spectrophotometer (Xu et al., 2015). The root radial oxygen loss
(ROL) was determined using a miniaturised Clark-type oxygen micro-
electrode system (OXY25, ø020–30 μm, Unisense, Aarhus, Denmark) for
10-h sequential in situ detection, which has been described in Li and
Wang (2013). Fresh biomass of shoots and roots were recorded.

2.5. DNA extraction, amplicon amplification and sequencing analysis

The total genomic DNA of each sample was extracted using FastDNA
SPIN kit (Mpbio, United States) for soils and roots according to the
manufacturer's instructions. The quantity and quality of extracted DNA
were checked photometrically using a NanoDrop ND-1000 UVeVis
spectrophotometer (NanoDrop Technologies, Wilmington, DE, United
States). PCR amplification of bacterial 16S rRNA genes (V4 region) and
fungal ITS (ITS1 region) were performed using the primer 515F (
5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGT-
WTCTAAT-3′), and ITS5F (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and
ITD1R (5′-GCTGCGTTCTTCATCGATGC-3′), respectively. The PCR am-
plicons were purified with Agencourt AMPure Beads (Beckman Coulter,
Indianapolis, IN) and quantified using the PicoGreen dsDNA Assay Kit
(Invitrogen, Carlsbad, CA, USA). After the individual quantification
step, amplicons were pooled in equal amounts, and paired-end
2× 300 bp sequencing was performed using the Illumina MiSeq plat-
form with MiSeq Reagent Kit v3 at Shanghai Personal Biotechnology
Co., Ltd. (Shanghai, China).

The Quantitative Insights Into Microbial Ecology (QIIME, v1.8.0)
pipeline was employed to process the sequencing data, as previously
described (Caporaso et al., 2010). The high-quality sequences were
clustered into operational taxonomic units (OTUs) at 97% sequence
identity by UCLUST. OTU taxonomic classification was conducted by
BLAST searching the representative sequences set against the SILVA
and ITS Database. After trimming and filtration, the quality sequences
were clustered into 5134 and 2462 operational taxonomic units (OTUs)
with 97% similarity for bacteria and fungi, respectively. All sequences
were submitted to the NCBI Sequence Read Archive (SRA) database
with accession number SRP165249.

2.6. Statistical analysis

Analysis of lindane dissipation and microbial variation was based on
ANOVA comparison with LSD test at P < 0.05 using SPSS 20.0 sta-
tistical software (IBM, Armonk, IL, United States). Principal coordinate
analysis (PCoA) and permutational multivariate analyses of variance
(PERMANOVA) by Bray-Curtis distance matrix were performed to as-
sess the differences in community composition (Liu et al., 2015). The P-
value was corrected for multiple testing using the method of Benjamini
and Hochberg (1995), and a false discovery rate (FDR) was used as a
threshold to denote statistical significance (Peperanney et al., 2016).
Statistical analyses of differentially abundant OTUs were performed
using the edgeR package (Robinson et al., 2010). All graphs were
produced with ggplot2 package in R (v 3.4.0) and OriginPro 2017.

3. Results

3.1. Plant growth and lindane concentration in rice tissues and soils

After 60 days of growth, no visible symptoms of lindane toxicity
were observed for all cultivars of rice. The root length, shoot height and
biomass of roots and shoots presented no consistent difference between
polluted and unpolluted treatments (Table 1). The hybrid YY showed
the maximum biomass in both roots and shoots (6.75 g and 41.95 g
respectively), and indica HHZ had the highest while japonica XS the
lowest shoot height and root length (Table 1).

The concentrations of lindane in root tissues among the cultivars
were in the range of 59.1–72.3 μg kg−1 and 137.4–167.3 μg kg−1 at
lindane doses of 5 and 20mg kg−1, respectively (Table 1). Shoot tissues
accumulated much lower lindane than the root, mostly only detected at
20mg kg−1 of lindane dose with a range of 26.7–32.3 μg kg−1

(Table 1). Additionally, the unplanted control resulted in the lowest
concentration of residual lindane in soils, with 0.09 and 0.25mg kg−1

at 5 and 20mg kg−1 of lindane, respectively; while rice growth sig-
nificantly inhibited lindane dissipation in soils in highly polluted soil,
with a residual concentration ranging from 0.30 to 0.40mg kg−1

(P < 0.05). Among the three cultivars, lindane concentration in rhi-
zosphere soils of hybrid YY was significantly lower than those of con-
ventional indica HHZ and japonica XS at highly polluted treatments
(P < 0.05) (Fig. 1A).

The rates of root radial oxygenation loss (ROL) differed among the
cultivars, ranging from 118 to 135 μmol L−1

. The hybrid YY had the
lowest O2 content with an average of 120 μmol L−1, while the rate of
ROL of XS and HHZ were 129 and 133 μmol L−1, respectively (Fig. 1B).
Additionally, the concentrations of DTN, Fe2+ and SO4

2−, and soil pH

Table 1
The height and biomass of different rice cultivars, and their accumulation amount for lindane.

Cultivarsa Pollution doseb Root Shoot

Length Biomass Lindane Height Biomass Lindane

(mg kg−1) (cm) (g FW plant−1) (μg kg−1) (cm) (g FWplant−1) (μg kg−1)

XS 0 19.6 ± 1.2cdc 5.04 ± 0.65bc ndd 69.7 ± 0.9e 24.7 ± 2.81 cd nd
5 18.2 ± 2.4d 5.00 ± 0.37bc 59.1 ± 13.5b 66.4 ± 1.4f 25.2 ± 0.75 cd 16.5 ± 6.81ab
20 19.1 ± 1.5 cd 4.12 ± 0.19c 164.0 ± 40.0a 68.0 ± 1.5ef 20.8 ± 1.05d 31.2 ± 10.1a

HHZ 0 23.3 ± 1.6a 6.75 ± 0.58a nd 83.2 ± 1.1bcd 34.4 ± 2.80ab nd
5 22.5 ± 1.3ab 6.09 ± 0.36ab 64.7 ± 49.6b 87.5 ± 1.2ab 36.0 ± 5.50ab nd
20 23.1 ± 1.6a 4.12 ± 0.60c 137.4 ± 43.2a 88.1 ± 4.9a 32.2 ± 0.43bc 26.7 ± 15.4a

YY 0 20.2 ± 1.8bcd 5.97 ± 0.29ab nd 80.5 ± 1.9d 42.0 ± 3.65a nd
5 21.3 ± 1.0abc 6.09 ± 0.71ab 72.3 ± 16.1b 81.3 ± 2.1 cd 40.1 ± 1.89a 6.4 ± 2.62b
20 21.5 ± 0.7abc 6.75 ± 1.25a 167.3 ± 28.8a 85.7 ± 0.8abc 37.2 ± 7.20ab 22.3 ± 14.7ab

a Abbreviations: XS, japonica cultivar XS519; HHZ, indica cultivar HHZ; YY, hybrid cultivar YY12.
b Lindane spiked concentration (mg kg−1).
c Values are means± standard errors of three replications; values within a column followed by a common letter are not significantly different (P < 0.05).
d nd: not detected.
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exhibited no obvious difference among the cultivars (P > 0.05), while
soil DOC in polluted treatments was significantly higher with hybrid
than with conventional rice (P < 0.05) (Table S1, Fig. 1C and D).
Meanwhile, the polluted treatments generally had higher soil DOC
concentration than non-polluted treatments (P < 0.05) (Fig. 1C and
D).

3.2. Composition and diversity of microbial community

For bacteria community, Shannon index was used to measure the α-
diversity indices. Samples from highly polluted soils had lower α-di-
versity than those from unpolluted soils in unplanted control, while
lindane pollution affected the α-diversity in endosphere compartments
of rice planted treatments (P < 0.05) (Fig. S1). There was no consistent
difference, among rice cultivars, but Shannon index in the endosphere
was significantly lower than that in the rhizosphere and bulk soils for
both bacteria and fungi (P < 0.05) (Fig. S2).

There were notable differences in the proportions of bacteria (at the
phylum level) and fungi (at the class level) between pollution dose and
compartments among the treatments (Fig. S1). The bacterial commu-
nity was dominated by Chloroflexi, Proteobacteria and Actinobacteria,
along with the relative abundance of Acidobacteria decreased in both
rhizosphere and endosphere, while Firmicutes increased in soils (bulk
soils and rhizosphere). As for the fungal community, the phyla of
Basidiomycota and Ascomycota account for over 70% of the reads. The
relative abundance of Agaricomycetes, Sordariomycetes and

Tremellomycetes accounted for two thirds of the total abundance in the
rhizosphere community, with Sordariomycetes decreased obviously from
rhizosphere to endosphere. Nevertheless, the other two classes in-
creased under YY and HHZ (Fig. S1D). There was no significant dif-
ference of these groups between pollution dose treatments.

Permutational multivariate analysis of variance (PERMANOVA)
were used to investigate the dependence of variations in root-associated
microbiomes to the effect of rice cultivars, pollution doses and com-
partments individually or in combination, based on Bray-Curtis dis-
tance (Table 2). For the bacterial community, the compartments com-
prise the largest source of the observed variation in the microbiome
data (71.65%, P < 0.001), followed by cultivars (2.98%, P < 0.05)
and pollution doses (2.49%, P < 0.05). In comparison, for the fungal
community, the compartments and cultivars accounted for a larger
proportion of variation (47.37%, P < 0.001 and 21.98%, P < 0.001
individually) than pollution doses (2.12%, P < 0.05) (Table 2). This
result was confirmed by the PCoA analyses (Fig. 2).

3.3. Lindane stress on rice root-associated microbiomes

Fig. 3 illustrates the net proportional changes in relative abundances
of bacterial and fungal communities responded to lindane pollution at
the family level. There were 10 and 6 families of bacteria exhibited
significant differences between polluted and unpolluted treatments in
the rhizosphere and endosphere, respectively. The families of Bacilla-
ceae and Comamonadaceae increased by 1.45% and 0.46% (P < 0.05)

Fig. 1. The concentration of residual lindane in rhizosphere soils after 60-day growth of rice (A), the average radial oxygen loss (ROL) among different rice cultivars
(B), and concentrations of dissolved organic carbon (DOC) (C) and dissolved total nitrogen (DTN) (D) among three rice cultivars at lindane doses of 0, 5 and
20mg kg−1. Bars are the standard error of means of three replicates. Different letters indicate significant differences among treatments at the P < 0.05 level.
Abbreviations for treatments: Control: the control without rice; XS, japonica cultivar XS519; HHZ, indica cultivar HHZ; YY, hybrid cultivar YY12.
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with a significant enrichment in the rhizosphere, while the relative
abundance of Solibacteraceae, Gallionellaceae and Streptomycetaceae de-
creased by 0.47%, 0.46% and 0.33% in polluted treatments compared
to the unpolluted treatments. In the endosphere, the families of No-
cardioidaceae and Geobacteraceae in the polluted treatments decreased
by 0.27% and 0.19%, respectively, while Roseiflexaceae increased by
0.79%. As for the fungal community, only Lasiosphaeriaceae showed
significant differences, decreasing by 0.06% in the polluted treatments.

The numbers of enriched OTUs in each compartment were higher in
the polluted than unpolluted treatments (90, 99 and 433 OTUs versus
22, 21 and 360 OTUs in bulk soils, rhizosphere and endosphere, re-
spectively) (Fig. 4A and B). Fungi community was dominant in differ-
ences among all soil compartments, while bacteria led to the difference
primarily in the endosphere (only 2 OTUs of bacteria in bulk soil and
none in rhizosphere) (Fig. 4C and D). Proteobacteria, Actinobacteria,
Chloroflexi and Firmicutes, Basidiomycota and Ascomycota accounted
for the vast majority of enriched OTUs in each compartment (Fig. 4C
and D) and the amount of OTUs belonging to these phyla were higher in
the polluted than unpolluted treatments.

3.4. Cultivar difference in microbial responses to lindane addition

Given that the lindane dissipation rate in highly polluted soils of YY
treatment was significantly higher than that in XS and HHZ, conven-
tional XS and HHZ were grouped together for exploring the variation of
microbial communities. The conventional cultivars had higher cumu-
lative relative abundances of lindane-responsive OTUs than hybrid rice

in both rhizosphere and endosphere. Within a given cultivar, the re-
sponse of OTUs (both enriched and depleted) was greater in the en-
dosphere than in the rhizosphere (Fig. 5A). Compared to the hybrid
rice, 27 OTUs increased, and 60 reduced the relative abundance in
conventional cultivars under lindane stress (Fig. 5B). There were no-
ticeable differences in these OTUs between hybrid and conventional
cultivars, in both rhizosphere and endosphere. Actinobacteria, Chloro-
flexi and Acidobacteria were mostly enriched in the hybrid rice, while
Verrucomicrobia and Bacteroidetes were the main enriched phyla in the
conventional cultivars. However, in the endosphere, Proteobacteria,
Firmicutes and Fibrobacteres were enriched in the hybrid rice, but only
Bacteroidetes enriched in the conventional cultivars (Fig. 5C).

There was a small difference (only 1 OTU enriched in polluted
treatment of hybrid rice) in the fungal community between polluted
and unpolluted treatments (Fig. S3). The number of differential OTUs
was lower in the conventional than hybrid cultivar under lindane stress.
Scleroderma and Bullera were relatively enriched under the hybrid rice
compared to the conventional cultivars (Fig. S3).

4. Discussion

4.1. Effects of environmental variables on the dissipation of lindane

The addition of lindane at 5 and 20mg kg−1 did not affect rice
morphology on plant biomass, root length, and shoot height after
60 days (Table 1). Consistently, Kidd et al. (2008) indicated that Cytisus
striatus and Holcus lanatus could grow with no visible signs of toxicity in

Table 2
The environmental variables affecting the microbial community composition as revealed by PERMANOVAa.

Bacteria Fungi

SS Variation
(%)c

F.Model P valued SS Variation
(%)

F.Model P value

Cultivars 0.36 2.98 3.93 0.014⁎ 6.74 47.37 56.2 0.001⁎⁎⁎

Pollution doses 0.30 2.49 3.29 0.025⁎ 0.30 2.12 2.51 0.018⁎

Compartments 8.65 71.65 189.15 0.001⁎⁎⁎ 3.13 21.98 52.14 0.001⁎⁎⁎

Cultivars× pollution dosesb 0.35 2.90 1.91 0.09 0.48 3.38 2.00 0.033⁎

Cultivars× compartments 0.30 2.46 3.25 0.026⁎ 0.84 5.88 6.98 0.001⁎⁎⁎

Pollution doses× compartments 0.20 1.70 2.24 0.073 0.20 1.39 1.65 0.122
Cultivars× pollution doses× compartments 0.26 2.18 1.44 0.208 0.38 2.70 1.60 0.087
Residuals 1.65 13.64 2.16 15.17
Total 12.08 14.22

a PERMANOVA, permutational multivariate analysis of variance; SS, sums of squares.
b “×” between the environmental variables indicates interactions between these variables.
c Variation was based on Bray-Curtis distances.
d P value based on PERMANOVA (999 permutations).
⁎ P < 0.05.
⁎⁎⁎ P < 0.001.

Fig. 2. PCoA analysis of bacterial (A) and fungal (B) communities among different treatments. Abbreviations are as Fig. 1.
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soils polluted with up to 100mg HCH kg−1, and unlikely absorb and
translocate HCH from soils to plant tissues. However, some other stu-
dies showed a negative influence of lindane on Avena sativa, Solanum
nigrum, Sesamum indicum and Vicia sativa, with the highest accumula-
tion of lindane around 20% in plant roots (Calvelo Pereira et al., 2006;
Kidd et al., 2008; Becerra-Castro et al., 2013). In our study, rice culti-
vars did not accumulate much lindane, with the average phyto-accu-
mulation of 1.4% and 0.8% at low and high doses, respectively
(Table 1). This might be due to its higher hydrophobicity resulting in
the slow movement of lindane into the roots and shoots via apoplastic
and symplastic pathways (Su and Zhu, 2007), and the fast dissipation
rate of lindane in anaerobic environment caused by soil-microbe in-
teractions (Phillips et al., 2005). Under such a circumstance, rice would
be a suitable crop for growing in lindane-polluted soils.

To date, many previous reports have verified the ability of plants to
facilitate the dissipation of organochlorine pollutants, but most of them
were relevant to dryland species. For example, maize, tomato and
sunflower plants were reported capable of coping with high levels of
organochlorine pesticide pollution, including lindane and endosulfan,
and as a result of this, it was successfully applied for remediation of
xenobiotics (Calvelo Pereira et al., 2006; Abhilash et al., 2013; Álvarez
et al., 2015; Mitton et al., 2016). In contrast to the above studies, we
found that rice growth indeed decreased the dissipation of lindane in
their rhizosphere, with the concentration of lindane lower in the control
than cultivation treatments. In our study, planted treatments had much
higher Fe2+ contents than unplanted control, indicating a more active
Fe(III) reduction under soil environment with rice growth (Table S1).
Our previous results had showed that Fe(III) can be served as an al-
ternative terminal electron acceptor to compete for electrons with OCPs

and split electron transferred from dechlorination to Fe(III) reduction
during anaerobic redox processes in flooded soils (Xu et al., 2015; Lin
et al., 2018; Zhu et al., 2018). The root exudates released by rice in
planted treatment provided additional low-molecular-weight organic
compounds as carbon sources as well as electron donors to improve
microbial-initiated anaerobic respiration (Heidelberg et al., 2002;
Hayat et al., 2011). This would likely promote the occurrence of more
competitive redox processes such as Fe(III) reduction and thereby
suppressing the reductive dechlorinated dissipation of lindane in rice
planted condition. Especially, with a higher concentration of soil DOC,
the hybrid rice likely provided more labile nutrients for rhizospheric
microbes, thereby alleviated suppression from soil indigenous redox
processes on the dechlorinated dissipation of lindane in their rhizo-
sphere (Fig. 1C). Additionally, many wetland plants are capable of se-
creting radial oxygen along the root, which changes their rhizosphere
environment and ‘protects’ roots against soil-derived toxins (Colmer,
2003; Wang et al., 2011). For example, rice cultivars with greater
ability of ROL played an important role in inhibiting the accumulation
and transfer of As and Cd to above-ground tissues (Mei et al., 2009;
Wang et al., 2011); and an indica genotype with greater ROL formed
iron plaque to sequester Sb in the root comparing with hybrid geno-
types (Zhang et al., 2017). Given that lindane degradation was much
faster in anaerobic condition than aerobic environment (Phillips et al.,
2005), it was speculated that the secretion of O2 might change the
anaerobic to micro-aerobic environment during rice growth, thus in-
hibiting the anaerobic dissipation of lindane in the rhizosphere. This
possibility was supported by the higher ROL for XS and HHZ than for
YY (Fig. 1B). Thus ROL might be another important factor responsible
for the suppressed dissipation of lindane in rice rhizosphere.

Fig. 3. Variation analysis of microbial community in rhizosphere and endosphere compartments at the family level in lindane-polluted treatments as comparison of
that in unpolluted treatments. Blue bars and points stand for polluted treatments, and orange bars and points stand for unpolluted treatments. The blue background
represents bacteria in the rhizosphere compartment, the orange background represents bacteria in the endosphere compartment, and the green background re-
presents fungal community. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Worthy mentioning, the decreased dissipation of lindane in the rice
rhizosphere might give a preliminary evidence regarding the persis-
tence of organochlorine pesticides, such as lindane (combined with its
homogenous isomers) in paddy fields due to rice plantation (Rani et al.,
2017; Salam et al., 2017). With this respect, hybrid rice would have less
adverse impact on self-purification of lindane-polluted soils, and thus
may be recommended for rice production of the paddy fields polluted
with organochlorine pesticides such as lindane instead of conventional
rice.

4.2. Lindane-induced differences in the assembly of root-associated
microbiomes

This study showed that no significant difference was exhibited for
the microbial α-diversity of both bacterial and fungal communities with
lindane pollution as comparison with unpolluted treatments (Figs. S1
and S2), but the shift in the biotic environment induced by rice growth
may indirectly influence community functioning (Bell et al., 2014).

Bacteria are generally considered the primary degraders in con-
taminated soils, and the extent of hydrocarbon or organochlorine pol-
lutants in soils has been correlated with the activity of specific bacterial
groups (Bell et al., 2014). In our study, lindane pollution increased the
relative abundance of Bacillaceae and Comamonadaceae but decreased
Streptomycetaceae, Solibacteraceae and Gallionellaceae (Fig. 3). As pre-
viously reported, the family of Comamonadaceae extensively partici-
pated in some reduction processes, and some members were capable of
degrading PCB, PCP, and 2,4-dichlorophenol (2,4-DCP) (Dallinger and
Horn, 2014; Lin et al., 2016; Yu et al., 2016). Bacillaceae had similar
effects on aldrin, endosulfan, lindane and atrazine (López et al., 2005;
Sagarkar et al., 2013; Ishag et al., 2017). In contrast, lindane addition
suppressed some members of Streptomycetaceae, Solibacteraceae and

Gallionellaceae. Especially, the family Streptomycetaceae had shown a
great potential for biodegradation of organochlorine pesticides (lindane
and chlordane) (Cuozzo et al., 2009, 2012; Álvarez et al., 2012; Saez
et al., 2014) and was used widely as soil inocula because of the active
mycelial growth (Shelton et al., 1996). Nevertheless, there was no
sufficient evidence proving its dominance and ability in an anaerobic
environment.

Lindane addition slightly decreased the abundance of fungal fa-
milies of Lasiosphaeriaceae, belonging to Sordariomycetes, but did not
affect other two abundant classes Agaricomycetes and Tremellomycetes
(Figs. 4 and S1). Sordariomycetes is one of the largest classes of Asco-
mycota including many important endophytes, saprobes and epiphytes
taxa (Maharachchikumbura et al., 2016), but few studies have reported
its resistance or degradation ability on pesticides. Meanwhile, Wick
et al. (2010) suspected that some fungi may facilitate hydrocarbon
bioremediation in soils through their hyphae in order to increase bac-
terial access to hydrophobic substrates. As such, the fungal community
might be synergistic with degrading bacteria on the dissipation of lin-
dane in rhizosphere soils.

This study clearly showed a considerable fraction of OTUs enriched
in the endosphere as compared to the other two compartments (Fig. 4),
it suggested that endosphere was more independent and exclusive,
possessing microbiomes that differed greatly from those of the bulk soil
and rhizosphere (Edwards et al., 2015; Chen et al., 2018). Meanwhile,
lindane addition expanded the differences between spatially separable
compartments (as 90 vs 22, 99 vs 21 and 433 vs 360 OTUs in bulk soils,
rhizosphere and endosphere, respectively) (Fig. 4A and B). Similarly,
Chen et al. (2018) found that Hibiscus cannabinus roots selected specific
metal-tolerant and plant growth-promoting bacteria under heavy-metal
stress and resulted in the greater differences between root-soil com-
partments. Therefore, the responses of root-associated microbiomes to

Bulk soils (22) Endosphere (360) Bulk soils (90) Endosphere (433)

Fig. 4. OTU enrichment of bacterial and fungal communities bulk soils, rhizosphere and endosphere after 60-d plant growth. Ternary plots represent proportional
contribution of OTUs (total relative abundance of all treatments> 0.1%) enriched in one compartment across unpolluted (A) and polluted (B) treatments. Bulk soil
OTUs (red), rhizosphere OTUs (green), endosphere OTUs (blue), and insignificant OTUs (grey). Each circle represents one OTU. The size of each circle reflects the
relative abundance. The number in the bracket represents the amount of significant OTUs in each compartment. Histogram represents the enriched OTUs of bacteria
and fungi in each compartment of unpolluted (C) and polluted (D) treatments. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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lindane addition differed in different compartments.

4.3. Cultivar difference in the assembly of root-associated microbiomes
under lindane stress

Rice cultivar exhibited a significant effect on root-associated mi-
crobial communities (Table 2 and Fig. 2). Similarly, Shenton et al.
(2016) indicated that root-associated bacterial communities showed
small but significant differences between wild and cultivated rice.
Edwards et al. (2015) contrasted 6 rice genotypes in greenhouse ex-
periments including the japonica varieties, indica varieties and African
cultivated rice, and revealed a significant influence of rice genotypes on
microbial communities, especially on the rhizosphere microbiome. It
was also reported the microbial diversity of two japonica cultivars were
similar to the indica cultivar IR50 (Edwards et al., 2015). Meanwhile,
several studies have explored the variation of root-associate micro-
biomes by the groups of plant lineages, functional or phenotypic dif-
ferences (Walters et al., 2018; Peiffer et al., 2013; Shenton et al., 2016).
Given that the higher dissipation rate and lower accumulation of lin-
dane found in the rhizosphere and endosphere of hybrid cultivar, it
accounted for a small proportion of cumulative relative abundance
within microbial communities (Fig. 5A). The results suggested hybrid
rice had a more stable microbial community than conventional culti-
vars especially under lindane pollution.

Compared with conventional cultivars, hybrid rice enriched the
relative abundance of Acidobacteria, Actinobacteria, Chloroflexi in the

rhizosphere and Proteobacteria, Firmicutes, Fibrobacteres in the en-
dosphere under lindane stress (Fig. 5C). Edwards et al. (2015) indicated
that microbial colonization of rice roots was not a passive process and
that plants had the ability to select for certain microbial consortia or
that some microbes were better at filling the root colonizing niche. This
confirmed our results that many sensitive members of above phyla had
active response to lindane pollution and subsequently selected by hy-
brid rice roots to rebuild a more stable and stress-resistant microbial
community structure (Figs. 3 and 5) (Dallinger and Horn, 2014; Lin
et al., 2016; Sun et al., 2017).

In spite of the insignificant influence of fungi on lindane dissipation,
hybrid rice exhibited a higher α-diversity and more OTUs enriched in
rhizosphere and endosphere compared with conventional cultivars
(Figs. S1 and S3). This revealed that fungi might make contribution to
the more stable root-associate microbiomes of hybrid rice, thus playing
synergistic effects with bacteria (Bell et al., 2014).

5. Conclusion

This study demonstrated that rice growth inhibited the dissipation
of lindane with the hybrid rice having a less suppression than the
conventional cultivars. Cultivar difference in radical oxygen loss and
active soil redox processes in the rhizosphere might contribute to the
differences in dissipation of lindane and the assembly of root-associate
microbiomes. Fungal community was disproportionately sensitive to
lindane pollution, but might have synergistic effects with bacteria.
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Fig. 5. Cultivar difference in bacterial OTUs in response to lindane pollution. (A) Cumulative relative abundances of lindane stress-responsive OTUs in conventional
and hybrid rice microbial communities. (B) Volcano plots showing differential OTUs of conventional and hybrid cultivars. Taking hybrid rice as the control, red
points and corresponding number indicated significant enrichment of OTUs in conventional cultivars, green points and corresponding number indicated depletion of
OTUs in conventional cultivar (P < 0.05). Each point represents an individual OTU. (C) The enriched rhizosphere and endosphere OTUs of bacteria among hybrid
and conventional rice. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Lindane addition promoted Bacillaceae and Comamonadaceae in the
rhizosphere while microbial colonization of roots was selected by rice
cultivars. This study highlights the cultivar variation in bacterial and
fungal microbiomes in response to pollution of organochlorine pesti-
cides, and suggests that hybrid rice might be the competent rice for
paddy fields polluted by organochlorine pesticides such as lindane.
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